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Introduction
In the course of our studies on polymeric co ordination compounds, complexes of transition metal ions M2+ with the squarate anion C40 42~ have been investigated. Com pounds of composi tion M2+(C40 4) • 2 H 20 and M3+(C40 4) 0 H • (H 20 ) 3 (M 2+ = Mn, Fe, Co, Ni, Cu, Z n; M 3+ = Al, Cr, Fe) have already been reported by W est and Niu [1] , They assumed the squarate anion to act as a chelate ligand, forming a chain structure of type (I). Existence of a chain structure has been proven by van O ojen, Reedijk and Spek [2] . However, in this Ni(C40 4)-2 H 20 -2 imidazole the metal ion is coor dinated by two oxygens of two different squarate an ions (II). The octahedral coordination is completed by 2 H 20 and 2 imidazole molecules in trans-posi tions.
A three-dim ensional structure has been pro posed by Gerstein and Habenschuss [3] for Ni(C40 4) -2 H 20 . Assuming their crystals to be twin ned, they have not completed the structure determ i nation. In fact, they tried to describe the structure in a unit cell of 1/8 the volume of the actual cell [4, 5] . Beck and Goetzfried [6] have studied the reactivity of squaric acid against Pt(0) compounds and found olefin complexes and ring opening on heating. The tetrathiosquarate anion reacts as a chelating ligand with Ni2+, Pd2~ and Pt2+ [7] .
O ur present paper deals with complexes of com position M (C40 4)-4 H 20 (M2+ = Mn, Fe, Co, Ni, Z n), which form one-dimensional chain molecules similar to those in the imidazole complex [2] with the C40 42_-anion as a bidentate, non-chelating ligand. pound). The following procedure proved to yield crystals of the pure tetrahydrate with well developed crystal faces. 10 ml of a 0.1 m aqueous solution of Na2C40 4, buffered with 10 ml 1 m acetic acid are mixed with 5 ml 1 m sorbitol solution and cooled below 8 °C. 10 ml of 0.1 m M (N 0 3)2 solution, also cooled below 8 °C, are added and the mixture is kept in the re frigerator. W ithin 24 h needle-like crystals up to 2 mm length are form ed. These are filtered, washed with ice-water and dried below 18 °C at a H 20 pressure > 3 h Pa. In order to avoid oxidation, addi tion of 1 g of ascorbic acid proved to be advanta geous in the synthesis of the Fe2+-compound. A d dition of sorbitol prevents formation of dihydrate clathrates [4] , The drying conditions follow from de hydration studies (Figs 6 and 7) . D uring the prepara tion of the M n-com pound or on storage the tem pera ture must not exceed 16 °C.
M aterials and M ethods
Chemical analyses have been carried out in the usual m anner by C,H-analysis, independent H 20 -d eterm ination and complexometric m etal titration with E D T A . The results are listed in Table I . Thermal decomposition was studied by heating the samples to constant weight at tem perature intervals of 3 -5 °C (Fig. 7) . U nit cell param eters were calculated from G uinier-patterns (C u K a^ of pow dered samples, mixed with highest purity silicon for calibration (Table VI) . Single crystal studies were made with a 4-circle goniom eter (Siemens), using M oKa-radiation and rod-like crystals of 0.5 mm length and 0.2 mm diam eter (linear absorption coefficient 29.77 cm-1). 3906 reflections were m easured up to sin#/A = 0.96 Ä -1. Intensity data were obtained in a>-2 $ scans, applying a 5-point m ethod ( l x total intensity, 2 x integrated intensity of half of the reflec tion (left and right half), 2 x background intensity). Reflections with Iu/Ip+1 2= 0.9 (Iu = integral back ground intensity, Ip = integral brutto intensity of the peak) were given F0-values of zero and crF of 100.
D ata reduction and evaluation made use of the program Shel X 76 [8] . Reflections with | F0| < 2 .5 a IFoi were neglected.
Problems arose from extinction. Strongly affected were the low indexed h k 0, hOl, 0k l and h k l reflec tions; therefore these (53 out of 2639) have been neglected in the final least square refinem ent cycles. Problems also arose from stacking faults along the needle axes, which can be seen in the electron micro scope after etching. The stacking faults will be dis cussed in detail in a separate paper.
Tables containing F0/Fc values can be requested from the authors.
Results

a) Structure o f Z n (C 40 4) ■ 4 H20
The tetrahydrates crystallize monoclinicly. The conditions h k l with h + k = 2n and hOl with l = 2n only, lead to space groups Cc or C2/c. The final de scription of the structure has to be made in the non- centrosymmetric group Cc. Details of the structure are discussed in this paper with the Zn-com pound. The crystal data are summarized in Table II , the atomic param eters and the param eters of the aniso tropic tem perature factors in Table III . The compound forms chain molecules according to Fig. 1 . Each M2* lies in the center of a slightly dis torted octahedron of 4 H 20-m olecules and 2 oxygen atoms of two C40 42~-anions in /rans-position. Thus, the squarate anion does not act as a chelate ligand.
The Zn-atom s and the centers of the C40 42_-anions within individual chains are on a straight line. The chains are parallel to the plane (001) with the chain axes in [110] direction at 2 = 0.000 and in [110] direction at z = 0.500. Also the C4-rings are almost parallel to the a 6-plane.
Bond lengths and bond angles of the Z n -0 , 0 H 2-octahedron and the C40 42_-anions are given in Table IV . Further details are listed in [4] , The 4 car bon atoms of the anion are in one plane within the experimental limit of error. The opposite oxygen atoms, however, are 0.08 Ä below or above the middle plane, thus decreasing the symmetry from 4/mmm to m m 2. Surprisingly, the chain axes are not parallel, but perpendicular to the needle axes (= c), although the crystals become pronounced elongated fibers (up to 5 -10 mm long, 10-30 /.im in diam eter), when synthesized from solutions of high ionic strength. They can easily be cleaved parallel to the ö £>-plane.
One might expect growth of already nucleated chains to be more favourable than nucleation of new chains. However, there are two interactions, which Z n -C A -4 H .O . -.1368 (6) .5171 (4) .0037(13) .0701 (7) .2910 (7) .3017(10) T able IV . B ond lengths in th e Z n -o ctah e d ra and in the sq u a rate anion.
probably are responsible for this type of needle-like growth. The C40 42--anions of neighbouring chains are more or less parallel to each other and form col umns in c-directions (Fig. 2) at plane distances, which are similar to the distances between layers of graphite (c/2 sin/5 = 3.335 ± 0.013 Ä in the squarates, 3.354 Ä in graphite). Therefore, interac tion of the delocalized electrons of the quasi-aromatic C40 42_-anions have to be assumed. In addition, there is hydrogen bonding between adjacent chains in the c-direction (Fig. 3) , as shown by the short distances 0 ( 4 ') -H 20 (1 ) -O ( l') and The reliability factor Rw = 0.061 is not very good. It decreases a little to 0.056, if additional low-index ed strong reflections, which may be affected by ex tinction, are omitted in the final least square cycles. A still better agreement is obtained with free occupa tion factors k for all atoms. With k = 0.973 for Z n, k = 0.982 for all C, k = 1.000 for 0 (1 ) and 0 (3 ), k = 0.983 both for 0 (2 ) and 0 (4 ), R w = 0.039 is ob tained. The deviations of the k-factors from 1.0000 could have no meaning, though the im provem ent in R is significant. However, they can be explained by a finite length of the chains. Terminations are caused either by Zn-vacancies (Fig. 5 a) or by C40 42~-vacan cies (Fig. 5 b) .
The defect concentrations correspond to a mean distance of 193 Ä in chain direction (i.e. after 24 Z n2+-and 24 C40 42--positions). From the occupa tion numbers about 30% more Zn-vacancies than C40 42~-vacancies are calculated. This difference is within the experimental limit of error in chemical analysis. The defect concentration is also too small for detection in routine density m easurem ents.
Most of the crystals also have stacking faults, which are disclosed as thin streaks perpendicular to the needle axes in the electron microscope after short etching. These defects will be discussed in m ore de tail in a separate paper.
b) The isotypic series M C40 4 4 H20 with M = M n2+, Fe2+, Co2+, Ni2+, and Z n2+
Lattice dimensions of the isotypic com pounds are given in clinic angle ß, which has a maximum with the Ni2+-compound and is smallest in the Mn2^-compound. The volume of the unit cell decreases from Mn:+ to Ni2+ and increases again from Ni2~ to Z n2+.
In different preparations small variations in the lattice param eters, line widths and intensity decrease with increasing ft are observed. Sometimes reflexes are sm eared out in the a-and ft-direction even for single crystals. In Table VI the data of the distorted preparations are ordered with increasing half width of the X-ray reflections and declining intensity at high ^-values. Experim entally these effects are con nected with the degree of supersaturation of the solu tion and growth rate of the crystals. Probably, they are caused by the M:+ and C40 42--deficiencies, i.e. variable chain length. The deviations from ideal stoichiometry, which are caused by the finite chain length, show up analytically only in case of very fast precipitation. Those samples are marked by * in Table VI. The high standard deviations in all preparations of the M n-compound arise from the tem perature, at which the lattice param eters are determ ined (15 °C). For the M n-compound this is only 3.5 °C below the dehydration tem perature at pH,o = 12 h Pa.
In The resulting dihydrate is cubic in most cases, but may become triclinic on very fast dehydration. In the second stage a water-free com pound is obtained with M n2+, Ni2+ and Z n2+. With Fe2+ and Co2+ the final dehydration is connected with a catalytic decom posi tion of the squarate ion. Therefore, the oxides are the final endproducts of decomposition.
The dehydration tem perature of the tetrahydrate to the dihydrate is the lower, the higher the volume of the unit cell is ( Fig. 7 and Table VI). However, there is no simple relation to the hydration energy and to the excess octahedral stabilization energy of the M2+-ions. The transition tem perature of the chain-structure to the dihydrate with framework structure also depends upon the defect concentration in the chains. The dehydration tem perature becomes lower with increasing defect concentration, i.e. de-
